In this paper we evaluate quantitatively the hypothesis that topographic modification of floor-fractured craters on the moon was accomplished predominantly by viscous relaxation. Adopting the simple assumption that the moon may be modeled as having a uniform Newtonian viscosity, we compare the observed topographic profiles for a number of floor-fractured craters with the profiles predicted from the viscous relaxation of topography of fresh craters of similar diameter. Despite the simplicity of the rheological model, the comparison is quite good. The floor uplift, the rim subsidence, and the apparent subsidence outside the rim for the several floor-fractured craters considered are well matched by the viscous relaxation hypothesis. Floor fractures, while indicating that a purely viscous model is not strictly valid, can be explained by the effects of isostatic adjustment on a thin brittle lithosphere. The association of many floor-fractured craters with impact basins and with the time of mare volcanism can be understood in terms of a pronounced acceleration of crater relaxation in local regions of anomalously high near-surface temperatures and therefore of low effective viscosity and thin lithosphere. The quantitative extent of relaxation of floor-fractured craters can be interpreted in terms of a limited time interval of substantial relaxation for each crater. That time interval ended for each crater after local cooling had been sufficient for the viscosity to rise, for the lithosphere to thicken, and for the present topographic relief to be 'frozen in.' Thus viscous relaxation is a viable hypothesis to explain the topographic profiles of a number of lunar floor-fractured craters, and the extent of viscous relaxation of crater topography may serve as a tool to map lateral and temporal variations in the shallow thermal structure of the moon and of other planets and satellites. ies of individual floor-fractured craters have been made for Humboldt [Baldwin, 1968], Goclenius [Baldwin, 1971a; Bryan et al., 1975], Ritter and Sabine [De Hon, 1971], and Haldane [Wolfe and EI-Baz, 1976]. The groups of floor-fractured craters located within the large crater Aitken were discussed by Bryan and Adams [1974], and those within Mare Smythii were discussed by Greeley et al. [ 1977]. Although floor-fractured craters have been explained as being entirely endogenic in origin [De Hon, 1971; Cameron and Padgett, 1974], it is now generally believed that they are
INTRODUCTION
There are approximately 200 craters on the lunar surface that have visible fractures on their floors (Figure 1 ). Floorfractured craters have generally shallow interior relief compared to fresh impact craters and tend to be clustered around the edges of the maria; floor fracturing of such craters typically occurred between the time of formation of the nearest mare basin and the time when mare volcanism locally ceased [Schultz, 1976] . Many floor-fractured craters, for example, are located in the regions adjacent to northwestern Oceanus Procellarum, around Mare Nectaris, and along the southern border of Mare Smythii.
A number of workers have considered at some length the processes that could lead to modification of crater topography and to fracturing of crater floors [Masursky, 1964; Danel, 1965; Pike, 1968; Brennan, 1975] . General classification schemes for floor-fractured and modified craters have been proposed by Young [1972] , Cameron and Padgett [1974] , Whitford-Stark [1974] , and Schultz [1976] . Detailed geologic stud-the result of endogenic modification of impact craters [Pike, 1968; Brennan, 1975; Bryan et al., 1975; Schultz, 1976 ]. The two models that have been most frequently proposed to explain the shallowness and fracture patterns found in floorfractured craters are (1) volcanic uplift and fracture of the crater floor by magmatic intrusion beneath the crater [Young, 1972; Brennan, 1975; Bryan et al., 1975; Schultz, 1976 ] and (2) viscous relaxation of crater topography [Masursky, 1964; Danel, 1965; Baldwin, 1968; Pike, 1968] . For both hypotheses, the distinctive characteristics of most floor-fractured craters are related to their proximity to thermal anomalies or magma sources near mare units. It should be noted, however, that a number of floor-fractured craters occur at significant distances from the nearest major mare unit [Schultz, 1976] . In this paper we consider at length the hypothesis that topographic modification of floor-fractured craters was accomplished predominantly by viscous relaxation. We first address the principal objections raised in the literature to the importance of viscous effects, including the presence of fractures, the nonuniform distribution of floor-fractured craters both by region and locally with respect to crater size and age, and questions of time scale and viscosity. We argue below that none of these issues need stand as objections when viewed in the light of evidence for strong spatial and temporal variations in the temperature and rheology of the outer portions of the moon during the time of mare volcanism.
The topographic profiles of floor-fractured craters allow us to pose specific and quantitative tests of the hypothesis that these profiles are the result of viscous relaxation. To accomplish such a test, we have determined the difference in topographic profiles between a number of floor-fractured craters ment of craters in areas of anomalously high temperatures at shallow depth may be a more important source of deformation on the moon than has been generally appreciated.
VISCOUS RELAXATION MODEL
If the outer portions of the moon may be idealized as a viscous material of uniform Newtonian viscosity, then the topographic relief of a crater is a predictable function of the time since crater formation. We assume that crater topography at any time t is cylindrically symmetric about the crater center.
Then the topography f is a function only of t and of the radial horizontal distance r from the center of the crater.
Regarding the moon as a half-space of uniform viscosity • and density •, the solution for f(r, 0 for any t _> 0 is given by [Cathies, 1975] 
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is linearly proportional to viscosity and to wave number. Note that if f(r, 0) is known, f(r, t) in (2) depends only on the single free parameter t/•l. We adopt p --2.9 g/cm 3 and g = 162 cm/ s :. In practice the upper limit of integration in (2) was taken to be 2R, where R is the crater radius, on the grounds that craterrelated topography at this range is small and that the contribution to topography from other lunar features is likely to dominate [Settle and Head, 1977] . From (3) it may be seen that long-wavelength features (small k) will relax more quickly than short-wavelength ones (large k). This means that the floor of a crater will rise more quickly than the rim will sink, because the floor is dominantly a long-wavelength variation of topography, while the crater rim and central peaks are short-wavelength features. These results are illustrated in Figure 3 . Equation (3) also implies that large craters will relax more quickly than small craters. A number of workers have interpreted the observed decrease in the depth/diameter ratio for at least some large craters as a consequence of isostatic relaxation of a form similar to that described by equations (1)-(3) [Pike, 1968 [Pike, , 1976 Baldwin, 1971b] . Although viscous relaxation has long been recognized as potentially providing a mechanism for producing the general shallowness of floor-fractured craters and other modified craters, the importance of the process has usually been discounted on one of several grounds: 1. The very presence of fractures on the crater floors indicates that at least some portion of the lunar surface material does not always behave in a perfectly viscous manner. Viscoelastic and plastic theologies have been applied to the problem of crater modification, though to explain the formation of features of significantly greater scale than typical floor fractures, by Melosh [1976] and McKinnon [1978] , respectively.
Viscous relaxation of idealized fresh crater topography has been modeled by
2. Not all lunar craters of a given size, age, or region are floor fractured. If viscous relaxation has acted to modify only some craters, then the process must vary drastically in efficiency both in time and over short horizonal distances [Pike, 1968; Schultz, 1976 ].
A viscosity of 1022P, the value indicated for most of the
earth's mantle on the basis of glacial rebound analysis [e.g., Cathles, 1975] , would allow the topography of even small cra-ters (10 km diameter) to relax completely in an unreasonably short period of time, on the order of 106-107 years [R. F. Scott, 1967] . Therefore if viscous relaxation is occurring to any considerable degree, the average viscosity of lunear near-surface material in the time since crater formation must be quite high, on the order of 10 25 P [Baldwin, 1971b] . Otherwise, the observed crater shapes could not have been preserved for the necessary amount of time.
None of these objections to viscous relaxation as an important contributor to the topographic modification of floor-fractured craters stands, however, once it is recognized that the near-surface temperature, and thus the theology of lunar material, varied strongly with space and with time during the several hundred million years following formation of the youngest major impact basins Head, 1979, 1980] . We consider these objections in turn.
The presence of fractures need not rule out viscous relaxation. If the lunar surface is ..... " '":-"-""-':'""•-"--" tz,aL,u as a us,,, usscu, zzuzu,•,zz,z, of some elastic strength overlying a viscous half-space, then the evolution of craters whose size is large compared to the local lithosphere thickness would be dominated, especially after a long period of time, by the isostatic adjustment taking place in the underlying viscous half-space [Pike, 1968; Melosh, 1976] . The fractures may then be attributed to stresses created by the mass deficiency within the crater itself; although these stresses are relieved at depth by viscous flow beneath the crater, stresses in excess of lithospheric strength must be relieved by fracturing near the surface [Melosh, 1976] . The presence of a surface brittle layer may alter the relaxation process somewhat, however, over that in a viscous half-space [Dane• and McNeely, 1971; Cathles, 1975] .
The location of the floor-fractured craters is far from random. The close association of such craters with the margins of mare basins suggests a connection between basin formation and filling and the modification of floor-fractured craters; many floor-fractured craters are themselves partially flooded with volcanic material [Pike, 1968 [Pike, , 1971 Schultz, 1976 ]. The locally elevated temperatures that would be expected during mare volcanism, and the influence of heat remaining from the basin excavation event [Bratt et al., 1981] could preferentially lower the effective viscosity of lunear near-surface material within and at the periphery of flooded basins and other major mare units. The thickness of a lithosphere of finite elastic strength would also be substantially less than in areas far from recent heating. Thus the characteristic time for viscous relaxation of many near-mare craters during the era of mare filling may have been much less, and the tendency for the lithosphere to fail in response to uncompensated topography may have been much greater, than for craters of comparable age elsewhere on the moon. In some areas, floor-fractured craters and unmodified craters of similar size and age occur side by side; in other regions relatively small craters have apparently undergone greater modification and floor fracturing than adjacent larger craters [Schultz, 1976] . These characteristics indieate that regions of high temperature and low effective viscosity may have been sometimes localized to the immediate vicinity of the involved crater. Several potential sources for such localization of heating include (1) volcanism and shallow igneous intrusion [Schultz, 1976] The difference between topographic profiles for a fresh crater and a floor-fractured crater of the same rim diameter is a measure of the vertical displacement as a function of radial distance from crater center for the modified crater. The two profiles may be used with (2) to test the viscous relaxation model and to find the value of t/,t that best matches the observed difference in topography. In practice, it has not been possible to find a fresh crater with exactly the same diameter as any given floor-fractured crater. Thus for each floor-fractured crater in our study we located a fresh crater of closely similar diameter, adjusted the horizontal scale for fresh crater topography by a multiplicative constant (near unity) so that the two craters have the same rim diameter, and then tested the viscous relaxation hypothesis as described. The zero elevation datum for both fresh and floor-fractured craters has been set equal to the level of the surrounding plain well removed from substantial ejecta deposits. There are several uncertainties in the topogrpahic profiles due not only to uncertainties in the basic data set but also to unmodeled irregularities in the topography of real craters. The LTO's have a precision of about +50 m and a somewhat larger relative accuracy along a profile. Additional uncertainties of a small topographic amplitude are introduced by deriving profiles from elevation contour maps.
Further uncertainties arise in the comparison of two distinct craters, for several reasons. The major characteristics of crater geometry (e.g., rim height, rim width, floor depth) even for fresh craters are not single-valued functions of crater diame-ter, but rather they are statistically distributed about well-established mean values [e.g., Pike, 1968 Pike, , 1977 Pike, , 1980 . In addition, for most craters, both fresh and fractured, the height of the crater rim above the surrounding plain and the topographic profile of the floor are not azimuthally symmetric [Settle and Head, 1977] . The variations of rim height, for instance, can be quite large; in the profiles for some craters in this study, the opposite rims had a difference in elevation of as much as 800 m. Probable causes of such azimuthal variations in rim height include variable slumping of original (transient) crater walls [Melosh, 1977] , erosion by subsequent impacts onto the crater or by infall of debris from impacts in the region [Head, 1975] , the possible influence of precrater topography [Pike, 1977] , and the angle of incidence of the craterforming projectile [Settle and Head, 1977] . The variations in rim height for the fresh craters included in this study are, in general, larger than the variations for the floor-fractured craters [cf. Schultz, 1976] . Other asymmetries in topography that will affect the calculated displacement curves include a collection of slumped material on the crater floor and offset central peak complexes.
Additional factors that introduce uncertainties in the topographic profiles are the choices of the zero elevation datum and of rim location. The zero elevation datum is difficult to ascertain if the area surrounding the crater is topographically irregular or if the topographic contour map does not include a sufficiently large area around the crater to enable a reliable estimate. As craters age, their rims become less sharp, wider, and more subdued [Head, 1975] . For craters that are somewhat degraded, including the floor-fractured craters in this study, the choice of the exact rim location is not as precise as for the fresh craters with which they are compared. However, the rim crest diameter measurements for the floor-fractured craters of this study are believed to lie within 10% of the original crater diameters. In summary, the net effect of these uncertainties is likely to be minor, particularly considering the large size of the craters treated (crater radius 8-20 kin).
INVERSION METHOD
We wish to invert the difference in topographic profiles between floor-fractured craters and fresh craters to obtain the best fitting value of the single free parameter t/,t in the viscous relaxation model. We first choose a trial value of t?,t, apply (2) to the fresh crater topography to produce a predicted topographic profile for the modified crater, and then determine the difference between the observed and predicted profiles. The best model is taken to be the one that minimizes the integrated squared difference between the two profiles. By making a good initial estimate of t/,t for use as the trial value, it is possible to use a linearized, iterative, matrix inversion scheme to improve the fit. We formulate the linearized inversion by following a simple approach to the general problem using model parameters Pi, observed quantities Oi, and calculated quantities Ci(P). Given initial values for the parameters, we have and f(r, t) is the topography predicted using (2).
Since the system of equations is overdetermined, we use a least squares routine that gives the value of x that is most nearly consistent with the components of b, i.e., that minimizes Zb?. After the linearized inversion, an adjustment A(t/ r/) to the trial value of t/;I is calculated. By using the new value for t/;l, a new linear inversion is performed. This process is repeated until the solution for f converges, or until the model fits the observed topography to within a specified uncertainty, e.g., an rms profile difference equal to the typical uncertainty in the measurement of topography. In practice, 5-10 iterations were generally sufficient in the present problem to achieve satisfactory convergence.
RESULTS OF INVERSION
The inversion method described above has been applied to the difference between topographic profiles for seven pairs of floor-fractured craters and fresh craters of nearly identical di-ameters. These craters and their diameters and geographic coordinates are given in Table 1 . We present the results of the inversions in a series of figures comparing predicted and observed topography for the floor-fractured craters under the hypothesis that the departure from fresh-crater topography is due to viscous relaxation. We discuss each crater pair in turn.
Dumas-Dawes.
Dumas is a 16-km diameter fractured crater located just outside the southwestern edge of Mare Smythii (Figure 4a ). Dumas has a narrow concentric fracture separating the crater wall and floor. The topography of Dumas is extremely subdued, with the crater floor at approximately the same height as the area exterior to the rim. The area immediately outside the crater appears to be somewhat lower than the zero datum plane.
The fresh crater Dawes (Figure 4b) , also 16 km in diameter, lies on the boundary between Mare Serenitatis and Mare Tranquillitatis. The crater rim crest is slightly scalloped in appearance owing to some wall slumping and floor-swirl formation. Dawes is typical of a crater lying in the transition between bowl-shaped and fiat-floored morphologies [Pike, 1980] . It should be noted that the observed displacement curve (Figure 6b ) has a minimum outside the crater rim. This is a feature that would be expected for a crater that has undergone viscous relaxation, but is generally not predicted by simple volcanic intrusion models. (Figure 7a) . The crater is somewhat polygonal in shape, and the floor is flat and shallow with concentric and polygonal fractures. The crater rim is, in most places, sharp and well de- Imbrium (Figure 8b ). Mare lavas have covered portions of the ejecta deposits beyond about 1.5-2.0 crater radii from the crater center.
The observed topographic profiles for Dumas and Dawes and the predicted prolite for Dumas using the viscous relaxa-

Davy-Tirnocharis. Davy is a 34-km diameter floor-fractured crater located on the eastern edge of Mare Nubium
Two profiles of Sabine were used, one extending westward from crater center (more or less parallel to the edge of the mare), designated W, and one extending southward from crater center (perpendicular to the mare edge), designated S. The W profile runs through an area in which the floor of the crater is significantly uplifted within a concentric fracture.
The topographic profiles for Sabine (W) and for Lambert and the predicted profile for the viscous relaxation model are shown in Figures 8c and 8d . The fit of the model is hampered in this case by the fact that the rim of Sabine along this profile lies higher than the rim of Lambert. The rim height is measured above the elevation of the surrounding, presumably flat, region. It is possible that the zero elevation datum is influenced by the southern extension of the rim of Ritter and by the comparatively poor resolution of topographic data for the area around the crater. (Figure 8a) profile in the southward direction there is no moat, and the profile is in general much more subdued (Figure 9a ). The crater Timocharis (Figure 5a) was used as the fresh crater to test the viscous relaxation hypothesis. The displacement curve for Sabine (S) has a minimum almost exactly at the crater rim (Figure 9b) , because the Sabine rim for this profile is lower than that of Timocharis while the floor of the fractured crater stands higher. The model provides a good fit to the topography with this exception.
Sabine (S)-Tirnocharis. Along the Sabine
Ritter-Lambert. Ritter, the companion crater to Sabine, contains a floor raised within a concentric moat (Figure 8a) . Ritter is substantially deeper, for its size, than the other floorfractured craters examined for this paper. Lambert is used as the corresponding fresh crater (Figure 8b) .
Both the floor and the rim of the predicted Ritter profile (Figure 10a ) lie higher than for the observed profile. A higher floor would normally indicate that the model topography has relaxed beyond the observed topography, while a higher rim would be expected to mean that relaxation has not progressed far enough. Thus the indicated model represents a compromise fit between the floor and the rim. The minimum in the observed displacement curve (Figure 10b ) lies at and immediately outside the rim, as predicted by a viscous relaxation model.
DISCUSSION
The single parameter estimated from the viscous relaxation model applied to topographic profiles for floor-fractured craters is the ratio t?,l. Derived values range over a factor of 10, from 0.4 to about 5 x 10 -8 s?P.
The derived values of t/,l should be interpreted with the understanding that the effective viscosity ,/has varied markedly with time in the vicinity of each floor-fractured crater. The observed modification to crater topography probably occurred primarily within the time interval over which the effective viscosity was at or near its minimum value. Thus •/should be regarded as the value of effective viscosity during the time of most rapid viscous relaxation, and t should be regarded as the time interval between the onset of rapid relaxation of topography and the time when •/grew large enough and the outer elastic lithoosphere grew thick enough so that further viscous relaxation effectively ceased. Because most fracturing of crater floors occurred in proximity to mare basins or other mare deposits and within the time interval between mare basin excavation and cessation of mare volcanism [Schultz, 1976] , it is likely that t/•l is a measure of relaxation time and effective viscosity during the portion of that time interval when local temperatures were raised to their highest vlaues by the combined effects of impact and volcanic heating. Note, however, that because t/•l is derived from a comparison between two present-day crater profiles, the derived parameter reflects only those processes that occur after transient cavity formation and after any dynamic phenomena associated with early cavity modification have ceased.
Since only the ratio t/•l is obtained from the fit of predicted to observed topography, the quantities t and •/may not be independently estimated. Nonetheless, the estimates of (0.4-5.1) Figure 8a) , the fresh crater Timocharis (Figure 5a ), and the model for Sabine (S) predicted by relaxation of fresh crater topography for a best fitting value of t/fl. have been extensively modified but larger nearby craters are not [Schultz, 1976] . For such regions, the effective viscosity may have varied rapidly with spatial location as well as time; near-surface regions of high temperature may have been strongly localized by impact heating or by volcanism and plutonism. Whether there are, on the other hand, large regions of the moon with generally constant values for t/*l, therefore indicating a regional-scale anomaly in near-surface temperature, remains to be demonstrated. On the basis of areal density of floor-fractured craters [Schultz, 1976] , the Smythii basin and the area west of Oceanus Procellarum are obvious candidates for such regions.
In this paper the primary test of the hypothesis that topography of floor-fractured craters was modified by viscous relaxation has been made directly from the topographic profiles for a number of fractured craters. It is important to consider whether there are additional data that can independently test hypotheses for the origin of floor-fractured craters. The distri- bution and orientation of floor fractures indicate that at least a thin layer undergoes brittle failure, rather than viscous flow, in response to horizontal extensional stress. The sources of the extensional stress can include isostatic adjustment of crater topography, magmatic intrusion at depth, and regional stresses associated with mare basalt loading. The mass deficiency of the crater topography produces a system of stresses in an elastic lithosphere similar to the stresses produced by a mascon lead Head, 1979, 1980] , except that the signs of all stresses are reversed. In particular, both horizontal stresses are extensional beneath most of the crater floor, with magnitudes that increase with increasing topographic relief and with decreasing lithosphere thickness. Thus the isostatic adjustment of crater topography in regions of elevated temperatures and thin lithosphere can lead naturally to both uplift and floor fracturing. The proximity of many floor-fractured craters to the edges of maria may subject these craters to additional extensional stress of regional scale. The mare-basalt loads, particularly in the mascon maria but also in Oceanus Procellarum and in similar iregular maria, produce horizontal bending stresses in the lunar lithosphere that are extensional at the mare edges Head, 1979, 1980; Head et al., 1980] . That circumferential rilles near some maria cut through floor-fractured craters, such as in Goclenius [Baldwin, 1971a] Fig. 10a . Topographic profiles of the fractured crater Ritter (Figure 8a) , the fresh crater Lambert (Figure 8b) , and the model for Ritter predicted by relaxation of fresh crater topography for a best fitting value of t/r I. 
Sobine(S)-
CONCLUSIONS
The principal conclusion of this study is that viscous relaxation of topography is a viable hypothesis to explain the characteristics of many lunar floor-fractured craters. Differences between the topographic profiles of several pairs of floor-fractured and fresh craters of similar diameter can be quantitatively modeled by the very simple rheological model for the moon of a uniform Newtonian viscosity. The general association of floor-fractured craters with mare regions, the apparently volcanic fill in many of these craters, and the quantitative extent of relaxation for the floor-fractured craters considered here all support the hypothesis that substantial viscous relaxation of lunar crater topography and concomitant floor fracturing were restricted in space and in time to regions and periods of anomalously high temperatures at shallow depths. The viscous relaxation of individual craters was probably restricted to fairly narrow time intervals (perhaps 107 years) over which the effective viscosity was low and the thickness of an outer elastic or brittJq :,lithosphere was small. Both floor fracturing and viscous modification of crater topography have been observed on other planetary bodies. Floor-fractured craters on Mars have been described by Schultz and Glicken [1979] . A number of impact craters on the icy satellites of the outer planets show evidence for viscous relaxation of topographic relief [Smith et al., 1979; Parmentier and Head, 1981] . Quantitative modeling of the process of crater modification thus offers the promise of contributing to our understanding of lateral and temporal variations in the thermal structure of the moon and of other planets and satellites as well.
